We propose that a significant positive deviation from 1/3 for the spin density matrix element ρ00 of the φ meson can be a piece of evidence for a coherent φ field generated in heavy-ion collisions. This explains why STAR preliminary data for the φ meson's ρ00 are much larger than 1/3 while the data of Λ andΛ polarization seem not to allow such a significant and positive deviation.
I. INTRODUCTION
The rotation and spin polarization are inherently correlated and can be converted one to each other in materials as manifested in the Barnett effect [1] and the Einstein-de Haas effect [2] . One of the most recent examples is that an electric voltage from the spin-current is observed to be generated from the vortical motion in a liquid metal [3] . In ultra-relativistic heavy-ion collisions (HIC), a huge orbital angular momentum (OAM) can also be generated mainly along the direction perpendicular to the reaction plane [4] [5] [6] [7] [8] [9] (see, e.g. [10] , for a recent review). Such a huge OAM is distributed into the hot and dense quark matter and converted to global polarization of hadrons through the spinorbit coupling [4, 9, 11] in a microscopic approach or spin-vorticity coupling in a macroscopic approach [12] [13] [14] [15] [16] [17] . The STAR collaboration has recently measured a non-vanishing global polarization of Λ hyperons in Au+Au collisions at √ s N N = 7.7 − 200 GeV [18, 19] .
Accompanying a huge OAM in HIC, a strong magnetic field is also formed, pointing to the same direction [20] [21] [22] [23] [24] [25] [26] [27] . The OAM and magnetic field lead to chiral effects of massless fermions: the chiral magnetic effect (CME) which probes the topological fluctuation of quantum chromodynamics vacuum [28] [29] [30] (see, e.g. [31] , for a recent review) and the chiral vortical effect (CVE) [32] [33] [34] [35] [36] [37] [38] [39] which probes the vorticity field of the fluid. One of the most active research in HIC experiments is to search for the CME [40] [41] [42] [43] [44] [45] [46] [47] [48] . However, the CME has not been observed due to dominant backgrounds. Furthermore, no direct and definite effects from electric and magnetic fields have been found so far. The challenge comes from the fact that the lifetime of the electric and magnetic field is so short ( 1 fm/c) that they can be regarded as a pulse.
While the polarization of Λ can be measured by its weak decay, the polarization of vector mesons cannot be measured since they mainly decay through strong interaction. However, the spin alignment of a vector meson can only be measured through ρ 00 , the 00-element of its spin density matrix, encoded in the angular distribution of its decay daughters [5, 49] . If ρ 00 = 1/3, the distribution is anisotropic and the spin of the vector meson is aligned to the spin quantization direction. In 2008, the STAR collaboration measured ρ 00 for the vector meson φ(1020) in Au+Au collisions at 200 GeV, which is consistent to 1/3 indicating no spin alignment within errors [50] . Recent STAR's preliminary data for the φ meson's ρ 00 or ρ φ 00 at lower energies show a significant POSITIVE deviation from 1/3, which is far beyond our current understanding of the polarization [51] . In this note, we will show that such a large POSITIVE deviation of ρ φ 00 from 1/3 can be a piece of evidence for a coherent φ field.
II. CONVENTIONAL UNDERSTANDING FOR SPIN ALIGNMENT OF φ MESON
The 00-element of the spin density matrix ρ 00 for the vector meson enters the angular distribution of its decay daughter as
where θ is the angle between the daughter's momentum and the spin quantization direction [5, 49] . The STAR preliminary data imply that ρ φ 00 > 1/3 and significantly deviate from 1/3. In the coalescence or combination model the s ands quark form a φ meson, and ρ φ 00 is related to the polarization P s and Ps for s ands respectively, if P s and Ps are both small. In a simple model, the spin polarization of Λ andΛ is carried by s ands respectively, so we have P Λ = P s and PΛ = Ps. Therefore ρ φ 00 in (2) is approximately
where P Λ and PΛ can be estimated by using the STAR data P Λ ≈ (1.08±0.15±0.11)% and PΛ ≈ (1.38±0.30±0.13)% [18, 19] : (4/9)P Λ PΛ ≈ 6.6 × 10 −5 . So the STAR data for P Λ and PΛ seem to imply that ρ φ 00 cannot be significantly larger than 1/3, which contradicts the STAR preliminary data on ρ φ 00 . We will show that the key to reconcile the conflict is that P s and Ps will have additional contributions which have never been considered before.
III. SPIN POLARIZATION IN VORTICITY AND ELECTROMAGNETIC FIELD
We take xz plane as the reaction plane with one nucleus moving along +z direction at x = −b/2 while the other nucleus moving along −z direction at x = b/2. The OAM is along +y direction.
From Eq. (64) in Ref. [49] the spin polarization vector (normalized to 1) for massive fermions (upper sign) and anti-fermions (lower sign) in the vorticity and electromagnetic field is
where Q is the electric charge of the fermion, p µ = (E p , ±p) for fermion/anti-fermion with E p ≡ p 2 + m 2 being the energy of the fermion or anti-fermion,ω µν th = 1 2 µνσρ ω th σρ is the dual thermal vorticity tensor with the thermal vorticity tensor given by ω th
µνσρ F σρ is the dual electromagnetic field strength tensor, and f F D is the Fermi-Dirac distribution. One can define the thermal vorticity vector ω i th =ω i0 th and the electric and magnetic field
. Applying Eq. (4) to the strange and anti-strange quark s ands, we obtain the polarization along the y direction
where Q s = −e/3 is the electric charge of the s quark (e > 0), ε = −(1/2)[∂ t (βu) + ∇(βu 0 )] is the "electric" part of the thermal vorticity tensor, we have used the shorthand notation ω y th ≡ŷ · ω th and B y ≡ŷ · B, and we have taken the non-relativistic limit E p m s and the Boltzmann limit
In the coalescence model, the polarization of Λ andΛ is given by [49] 
where ψ Λ/Λ (q, r) are momentum space wave-functions of Λ andΛ respectively with the normalization conditioń 6 , and three internal momenta are defined as p 1 = r/2 + q, p 2 = r/2 − q and p 3 = −r.
Comparing Eq. (5) and (6), there are contributions from ε and E in P y s/s but not in P y Λ/Λ , which is the key to resolving the puzzle in ρ φ 00 . The 00-element of the spin density matrix for the φ meson is calculated by [49] ρ φ 00 (t, x) ≈
where ψ φ (p) is the wavefunction in momentum space for the φ meson with the normalization´d 3 p |ψ φ (p)| 2 = (2π) 3 , and we have put p s = p and ps = −p in the center of mass frame of φ. Inserting (5) into (7) and taking an average of ρ φ 00 (t, x) over the fireball volume V and the polarization time t with an effective temperature T eff , we obtain
where we have used p φ = 0, p 2 z,
being the mean value of a momentum function a(p) in the φ meson wave function, and replaced T by the effective temperature T eff of the fireball. From the φ meson wave function in the quark potential model [52, 53] , we have p 2 φ ≈ 0.18 GeV 2 ≈ 9.18m 2 π . We denote the second, third and fourth term in the right-hand side of Eq. (8) as c Λ , c ε and c E , respectively. The second term c Λ provides a negative contribution to ρ φ 00 relative to 1/3, which can be estimated by using the STAR data [18, 19] as is done after Eq. (3): c Λ ∼ −6.6 × 10 −5 , which is very small compared to 1/3. The third term c ε also provides a negative contribution to ρ φ 00 . This term comes from the fluid vorticity and can be estimated by the hydrodynamic simulation. We use CLVisc [54, 55] , a (3+1)D viscous hydrodynamic model, to calculate ε 2 z + ε 2 x at the freezeout. The numerical results show ε 2 z + ε 2 x ∼ 10 −4 . Using the constituent quark mass for m s of about 450 MeV, c ε is even more suppressed. The fourth term c E is from the electric field which is absent in the Λ polarization (6) and therefore not constrained by the data of Λ polarization. The peak value for eE ≡
according to the simulation based on the Parton-Hadron-String Dynamics (PHSD) transport model [56] which includes a dynamical generation of retarded electromagnetic fields [21, 22] , where we set m s ≈ 450 MeV and T eff ≈100-300 MeV for Au+Au collisions in the collision energy range 20-200 GeV. Then we obtain c E ∼ 10 −5 , which cannot give a large deviation of ρ φ 00 from 1/3.
IV. SPIN POLARIZATION IN COHERENT MESON FIELDS
Like the electromagnetic field, the coherent φ meson field, if exists, can also polarize s ands and contribute to ρ φ 00 . The role of the coherent meson field in the polarization of the Lambda hyperon was proposed in Ref. [57] . The electric and magnetic part of the φ meson field E φ and B φ can be obtained by the field potential φ µ in the same way as for the electromagnetic field: F µν φ = ∂ µ φ ν − ∂ ν φ µ . Similar to the meson field out of the baryon current in Ref. [57] , φ µ can be approximately proportional to the current density of the strangeness quantum number, φ µ ≈ −(g φ /m 2 φ )J µ s , where m φ is the φ meson mass, and g φ is the coupling constant of the s quark to the φ meson in the quark-meson model [58, 59] . Note that the contribution from s ands to J µ s is negative and positive, respectively. The strangeness current density in the central rapidity region is assumed to take the form
where the strangeness density J 0 s is taken to be vanishing, considering that the number densities of s ands are equal. One can check the strangeness conservation ∂ µ J µ s = 0. The electric and magnetic part of the φ field that contribute to the spin alignment along +y direction are given by
The s (x, y, t). We have also generalized this feature by introducing j 
where c φ is from the electric part of the coherent φ field,
Here we have assumed that there is no correlation between B and B φ and between E and E φ . Like the electromagnetic field, B φ instead of E φ contributes to the polarization of Λ andΛ as seen in Eq. (6) . As the contribution of B in Eq. (8), B φ 's contribution in Eq. (11) is always positive and is hidden in c Λ . The most important fact is that the E φ term, i.e. c φ , is always positive but E φ is absent in the polarization of Λ andΛ, therefore it is not constrained by the Λ polarization data. As we have shown in Sect. III that c Λ , c ε and c E in Eq. (11) are negligibly small compared with 1/3 for Au+Au collisions in collision energy range GeV. If the data show that ρ φ 00 is larger than 1/3 by at least a few percent, in our model the deviation must be solely from c φ involving the electric part of the coherent φ field. An advantage or a good feature of such a contribution is that it is always positive and does not depend on the procedure of taking an average or on choices of parameters.
We can estimate in a simple model the dominant contribution to ρ φ 00 from the last term of Eq. (11) . We choose the effective temperature as T eff ∝ τ should take the dimensionless number when expressed in the unit GeV [73] . We set T eff = 300 MeV at s 1/2 N N = 200 GeV for calibration. In this way the collision energy behavior of ρ φ 00 is solely from T eff which is a strong assumption in this order of magnitude estimate. As an approximation, we assume that ∂j s /∂t) 2 = (400, 600, 1000) fm −4 . Note that the value of g φ can be taken from the constraint by the compact star properties in the quark-meson model [58, 59] . With these values of parameters the dominant contribution to ρ φ 00 , c φ in Eq. (11), as a function of collision energy in Au+Au collisions is shown in Fig. 1 . We see in Fig. 1 that ρ φ 00 decreases with the collision energy.
A natural question arises: does the theory and conclusion in this paper work for another vector meson K * 0 (892)? The answer would be no. There are a few reasons for it. First, due to unequal masses ofs and d, one cannot derive similar formula to Eq. (8) in which terms of vorticity and those of electric and magnetic field are decoupled. Therefore one cannot build up a simple relationship between ρ 00 for K * 0 , ρ K * 0 00 , and the hyperon polarization. In ρ K * 0 00 each contribution can be either positive or negative, so it is not easy to single out a specific contribution from ρ 00 which belongs to the vorticity, electromagnetic field or mesonic filed without ambiguity. Second, the interaction of K * 0 with the surrounding matter is much stronger than the φ meson. In this sense, the φ meson is a cleaner probe than K * 0 to the state of the fireball. Actually, preliminary data from the ALICE experiment show that ρ 00 for the K * 0 meson is less than 1/3 at LHC energies [74, 75] , which is very different from the φ meson. Another question is: what happens for ρ 00 at LHC energies? From the energy behavior in Fig. 1 , we expect that negative c Λ and c ε would be comparable to positive c φ at LHC energies. In this case, whether ρ 00 is larger or smaller than 1/3 depends on a fine-tuning of each terms.
V. SUMMARY
Due to the difference in the parton distribution function of s ands in high energy proton-proton collisions, the longitudinal momenta carried by s ands are not equal. This leads to a non-vanishing collective strangeness current in the beam direction in high energy heavy-ion collisions. We generalize this feature to transverse directions. Such a strangeness current gives rise to a non-vanishing electric and magnetic part of the coherent φ field, E φ and B φ , respectively. Like the magnetic field, B φ also contributes to the polarization of Λ andΛ due to their magnetic moments in the φ field, while the contribution from E φ is absent and therefore is not constrained by polarization data of Λ and Λ. However, E φ contributes to ρ φ 00 and its contribution is always positive and much larger than that of the electric field. We then propose that a significant and positive deviation of ρ φ 00 from 1/3 can be a piece of evidence for the electric part of the coherent φ field in heavy-ion collisions.
